Abstract-This letter presents an S-shaped complementary split ring resonator (S-CSRR) for application in compact differential filters. The working principle of the proposed S-CSRR is explained and a circuit model is developed and validated through electromagnetic simulations. It is shown that an S-CSRR-loaded differential microstrip line with series gaps can be used in the design of compact differential bandpass filters (BPFs) with common-mode suppression. The filter design procedure is explained and the theoretical concept is validated through fabrication and measurement of a compact third-order differential BPF with common-mode suppression.
the dual counterpart of S-shaped split ring resonator [8] , i.e., S-shaped complementary split ring resonator (S-CSRR) for application in the design of differential filters. It is shown that compared to the conventional configuration of CSRRs in differential microstrip technology, the proposed resonator benefits from a high level of miniaturization when excited by the contra-directional electric fields of a differential microstrip line. More importantly, it is shown that S-CSRRs can be used in the design of BPFs that suppress the common-mode noise inherently. II. PRINCIPLE OF MINIATURIZATION Fig. 1(a) shows the typical configuration of a CSRR-loaded differential microstrip line, with a pair of CSRRs etched in the ground plane under each strip of the differential line. In this configuration, regardless of the signal mode, the CSRRs are excited by the time-varying axial electric fields of the microstrip line. Thus, the propagation of electromagnetic waves is inhibited in a narrow band around the CSRR resonance. It was shown in [3] that an array of single CSRRs aligned with the symmetry plane of the differential line can be used for common-mode suppression, while the differential signal is unaffected. The key to this application is that while the CSRRs are excited by the axial electric fields in common-mode, the electric field components of the differential signals, which are contra-directional, cancel each other and the CSRRs are not excited by this mode. In contrast, the fundamental resonance of the proposed S-shaped CSRR, shown in Fig. 1(b) , is activated if the connected rings of the S-CSRR are excited by contra-directional axial electric fields of the loaded differential microstrip line. Thus, an S-CSRR can be used to efficiently inhibit the propagation of differential signals in a narrow frequency band near the resonance frequency of the resonator. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information. is used. The width of the differential microstrip lines is mm and the space between the strips is mm, which correspond to a 50 odd-mode characteristic impedance. The S-CSRR's dimensions are as follows: mm, mm, mm, mm, and mm. For comparison, the simulated odd-mode frequency response of the differential microstrip line loaded with a pair of CSRRs with the same physical dimensions as the rings of S-CSRR is also depicted in the figure. The simulation results show that the resonance frequency of the structure with the pair of CSRRs is GHz, while the S-CSRR resonates at a much lower frequency (1.43 GHz). The comparison shows that a high level of miniaturization is achieved by modifying the resonator shape to an S-shaped CSRR.
III. MODELING OF S-CSRR/GAP-LOADED LINE
The bandstop behavior of an S-CSRR-loaded differential microstrip line can be interpreted as due to the negative permittivity of the structure in the vicinity of the S-CSRR's fundamental resonance. This bandstop behavior can be switched to a bandpass behavior simply by introducing series capacitive gaps in the strips of the differential line, as shown in Fig. 3(a) [9] . Note that in this structure, inner split slot rings are added to the S-CSRR to achieve more compactness.
In order to study the behavior of the S-CSRR/gap-loaded differential microstrip line, we now focus on the circuit model and parameter extraction of the structure, in both differential and common modes. Fig. 3(b) depicts the proposed lumped element circuit model for the structure of Fig. 3(a) , where and are the per-section equivalent inductance and capacitance of the differential line with the presence of the S-CSRR, and models the line's capacitive gaps. The S-CSRR is modeled with an equivalent capacitance and an equivalent induc- tance . This model is valid for both differential and common modes, however with different element values. Indeed, while the fundamental resonance of the S-CSRR is excited by differential mode [ Fig. 4(a) ], the common mode excites the S-CSRR's higher order resonance [ Fig. 5(a) ].
Using the procedure explained in [10] the parameters of the circuit model for differential and common modes are extracted from the electromagnetic simulations of the structure of Fig. 3(a) . Dimensions of the structure are indicated in the caption of the figure, and the same substrate as in the Section II is used for electromagnetic simulations. The extracted parameters Figs. 4 (b) and 5(b) demonstrate a good agreement between the transmission and reflection coefficients of the circuit model and electromagnetic simulations for both modes, validating the proposed circuit model. Note that the structure's passband for differential mode is centered at GHz, whereas the passband for the common mode is located at
GHz. This feature can be used in the design of differential BPFs with common-mode suppression.
IV. BPF WITH COMMON-MODE SUPPRESSION
To illustrate the potential application of the S-CSRR in the design of a differential BPF with common-mode suppression, a third-order periodic (although, periodicity is not mandatory from the design point of view) BPF with fractional bandwidth of 10% and 0.16 dB in-band ripple is designed and synthesized for operation roughly centered around the frequency of 1 GHz. The focus of the design procedure is simply placed on the differential characteristics of the filter, while the common-mode is intrinsically suppressed by the proposed structure.
The structure of Fig. 3 , which can be considered as a distributed resonator with two feed lines, is used as the filter's unit cell. The feed lines of each unit cell in conjunction with those of the adjacent cells act as 90 impedance inverters with normalized impedance of . Based on the theory of impedance inverters, the fractional bandwidth of the filter can be controlled by the reactance slope of the unit cell, excluding the feed lines [11] , which is in turn controlled by gap dimensions [9] . Thus, a parametric analysis has been applied in the design process in order to determine the optimum gap dimensions. The next step is to optimize the length of the feed lines to achieve a 90 phase shift from port one to port two of the unit cell at resonance frequency. Finally, the filter is realized by cascading the optimized unit cells.
The photograph of the fabricated filter, using the same substrate as in Section II and the dimensions in the caption of Fig. 3 , is depicted in Fig. 6 . The impedance inverters are meandered to achieve more compactness. The filter is as small as , where is the guided wavelength at GHz. A comparison between electromagnetic simulation and measured frequency response of the filter in differential and common modes is depicted in Fig. 7 . The figure shows that the structure acts as a differential BPF with 2.8 dB insertion loss at central frequency, common-mode suppression better than dB, and common-to-differential mode conversion better than dB. A comparison with other differential filters in terms of performance and size is provided in Table I, where and are lower and upper dB cutoff frequencies in differential mode, and and are lower and upper dB cutoff frequencies in common-mode stopband.
V. CONCLUSION This work has presented an S-shaped complementary split ring resonator for application in differential microstrip technology. Size reduction as compared to CSRRs has been achieved. More importantly, it has been shown that an S-CSRR-loaded microstrip line with series capacitive gaps can be used as a unit cell for differential BPFs with common-mode suppression. In-band common-mode rejection ratio better than dB has been achieved.
